Cellular concrete bricks were obtained by using a lightweight mortar with recycled expanded polystyrene aggregate instead of sandy materials. After determining the block properties (absorption, compressive strength, and tensile stresses), it was found that this brick meets the requirements of the masonry standards used in Mexico. The obtained material is lighter than the commercial ones, which facilitates their rapid elaboration, quality control, and transportation. It is less permeable, which helps prevent moisture formation retaining its strength due to the greater adherence shown with dry polystyrene. It was more flexible, which makes it less vulnerable to cracking walls due to soil displacements. Furthermore, it is economical, because it uses recyclable material and has properties that prevent deterioration increasing its useful life. We recommend the use of the fully dry EP under a dry environment to obtain the best properties of brick.
Introduction
A lightweight mortar can be produced in different ways and basically depends on the air factor, that is, decreasing the density of a material consists in including air in its structure, which can be done by replacing the coarse aggregate (sand) by air. Thus, the air inclusion in the material structure favors the formation of bubbles (empty space) inside the concrete or mortar. Therefore, when it dries out, the air holes generate a lightweight material. This type of concrete is known as Cellular Concrete. It has been suggested to define a lightweight concrete as a concrete made with lightweight aggregate or without aggregates that allow to obtain a weight less than conventional concrete of 2400 kg/m 3 [1] .
With regard to the use of the polystyrene in concretes, literature mentions the use of expanded polystyrene (EP) beads as lightweight aggregate both in concretes and mortars containing silica fume a supplementary cementitious material. The resulting concretes were seen to have densities varying from 1500 to 2000 kg/m 3 , with the corresponding strengths varying from 10 to 21 MPa [2] . Another study covers the use of expanded polystyrene (EPS) and unexpanded polystyrene (UEPS) beads as lightweight aggregate in concretes that contain fly ash as a supplementary cementitious material. Lightweight concrete with wide range of concrete densities (1000-1900 kg/m 3 ) were studied mainly for compressive strength, split tensile strength, moisture migration, and absorption. The results indicate that for comparable aggregate size and concrete density, concrete with UEPS aggregate exhibited 70% higher compressive strength than EPS aggregate [3] .
Fine silica fume greatly improved the bond between the EP beads and cement paste and increased the compressive strength of EP concrete. The research showed that EPS concrete with a density of 800-1800 kg/m 3 and a compressive strength of 10-25 MPa can be made by partially replacing coarse and fine aggregate by EPS beads. In addition, adding steel fiber significantly improved the drying shrinkage [4] .
Another investigation shows the comparison between the mechanical properties of EP concretes containing fly ash with the literature results on concretes containing ordinary Portland cement alone as the binder [5] . A research proposes the development of a class of structural grade polystyrene aggregate concrete with a wide range of concrete densities between 1400 and 2100 kg/m 3 through partial replacement of coarse aggregate with polystyrene aggregate in control concrete [6] .
Styrene-butadiene rubber latex as a polymeric admixture was applied in lightweight expanded polystyrene (EP) concrete. The effects of curing conditions and polymercement ratio on the compressive and flexural strengths of polymer-modified EP concretes were investigated [7] . Hardened concrete containing chemically treated expanded polystyrene beads showed that the strength, stiffness, and chemical resistance of polystyrene aggregate concrete of a constant density were affected by the water to cement ratio [8] .
In the first part of this research, based on the definition and characteristics of a lightweight concrete, a low-density recyclable material was searched, such that could be recycled using a cheap sustainable recycling method. This material was the expanded polystyrene (EP). With this material, it a mortar was produced in which the coarse aggregates were substituted completely by low-density particles. So, bricks are composed of recycled expanded polystyrene as aggregate and commercial Portland cement as binder. Unlike most of the works published in the literature, this mortar does not use pozzolans or additives or additional aggregates. In this previous study, this material had a good adherence with the hydrated cement and the best mechanical properties in the cellular concrete were obtained for a water/cement ratio of 0.4 and 600 g of expanded polystyrene [9] .
In the second stage, the core of this research, and with the defined technology, a specific technological application of the mortar of recycled material was the making of cellular bricks. These should be competitive on price, quality, and mechanical and physical properties against the current ones on the market. Furthermore, the cellular bricks should use a recyclable material in a sustainable fashion.
Methods and Techniques
The activities listed below allowed the fabrication and the mechanical and physical evaluation of the cellular-concrete bricks; Compressive strength of expanded polystyrene (EPS) lightweight concrete increases significantly with a decrease in EPS bead size [11, 12] . Adding, another study includes three sizes of polystyrene particles (1, 2.5, and 6.3 mm) in concrete and concludes that the size of 1 mm has greater resistance to compression [12] . Then, as the goal of the project was to reuse a recyclable material such as expanded polystyrene, the particle sizes depended on the sustainable and cheap milling process. In fact, the sizes achieved (2-4 mm) were very close to those reported as greater compressive strength [12] . In first place, the search of EP waste materials was carried out. These EP residuals were from items obtained mainly from computers packing. Once the material was collected, it was milled with water in a kitchen blender, because without water there was no milling. Resulting particle size was 2-4 mm. Then, the excess of water was eliminated and EP was dried at the natural environment, without using ovens.
In agreement with previous studies, the cellular concrete was obtained by mixing 600 g of polystyrene and a water/cement ratio of 0.4. The cement used was a CPC (composite Portland cement).
It should be pointed out that one of the important factors that influenced this research was the high environmental humidity in the place where this research was realized (Rosario, Argentina). This fact led to the result of a fluid composite that allowed easily the filling of the steel molds.
Two types of specimens, labeled as A and B with dimensions of 100 × 200 × 60 mm, were tested. Type A had a water/cement ratio of 0.4, a weight of 0.600 Kg of EP in semihumid state, and an age of 28 days. Type B had the same water/cement ratio, but with 0.520 Kg weight of semidry EP. The B test age was only 14 days because of the end of the project.
Due to environmental humidity circumstances, when we dry the wet polystyrene (resultant material for milling process) to 7 days, we obtained weights of 600 g for bricks A and B. Immediately we elaborate the bricks A (with 600 g) in the first stage of the project. Then, as the remaining polystyrene was used 28 days later, we noticed that the weight had decreased. Therefore this remaining material was divided and used in five bricks B. So the bricks B had 520 g of polystyrene. Therefore bricks A were prepared with "semihumid" polystyrene and bricks B with "semidry" polystyrene. We did not obtain a fully dry weight of EP because of the condition of environmental local dampness.
Environmental humidity levels for "semihumid" and "semidry" polystyrene were the same; the difference was the exposure time under those conditions. Environmental humidity of the place was 62-95% [14] in the days of the experiment (Rosario, Argentina; August 2012). The polystyrene named "semihumid" was exposed 7 days under this environment and 28 days for the "semidry. "
After 27 days for bricks A and 13 days for bricks B, the absorption test was performed to the bricks (this experimental test requires 24 h [10] Theoretically, if kept in a moist environment, about 90% of its strength is gained in the first 28 days. The main criterion for evaluating the compressive strength of concrete is the strength of the concrete on 28th day. The concrete sample is tested after 28 days and the result of this test is considered as a criterion for quality and rigidity of that concrete [15] .
Results and Discussion
Statistical evaluation of the percentage of absorption of A and B are shown in Table 1 . For measuring the absorption property, the ASTM C67-03a standard specifies that the material is kept immersed in water for 24 hours [10] . The percentage of absorption was determined by (1) [10] . Dry and saturated weights ( and , resp.) of the brick were before and after its saturation, respectively: % Absorption = 100 ( − ) .
From Table 1 we observed that brick B (semidry EP) has less absorption than brick A (semihumid EP). Although the time of study of brick B is half of A, the trend to increase absorption is very little. Thus, it is apparent that this material could diminish the moisture generated in walls built with other types of bricks, which the absorption is greater due to the type of aggregates being used, such as sand. Statistical results of the compressive tests [10] to both types of specimens, of area 100 × 200 mm, are shown in Table 1 . It should be recalled that bricks A were 28 days old, whereas bricks B were 14 days old. Because of the above, the differences in strength could be justified. It can also be observed that the trend in the increase of strength continues in specimens B, and it is would overcome the value reached by specimens of the type A, due to the greater adherence (less absorption) created by the semidry EP.
The tensile strength or Modulus of Rupture [10] was computed as
where is tensile strength or Modulus of Rupture (MPa), is applied maximum load (kg), is distance between supports (cm) (computed as the specimen length minus 2 inches, because the supports are at distance of 1 inch from each end), is horizontal distance from the point of application of the load to the place where the fissure arises (cm), and and are width and thickness of the specimen, respectively (cm).
Statistical results of the Tensile test of specimen types A and B are shown in Table 1 . These were determined from (2) .
From Table 1 the Mean of tensile strength for specimens A and B are 2.195 and 1.632 MPa, respectively. Specimen type B showed a partial tensile strength with relation to the one that can develop in 28 days.
Assuming traditional concrete bricks with coarse aggregates and burned clay bricks have very low values of tensile strength, approximately 0.8 MPa in average [13] . Thus, EP provides flexural properties to the brick that contribute to wall stability, especially when it has ascending and descending movements caused by problematic soils such as expansive and collapsible soils, phreatic water level changes, and earthquakes, among others. Therefore, this material reduces the appearance of cracks in the wall. This aspect had not been considered in the fabrication of traditional bricks.
Concrete can hardly be considered to be homogeneous because the properties of its constituents are different and it is, to some extent, anisotropic. Nevertheless, the fracture mechanics approach helps to understand the mechanism of failure of concrete. The actual failure paths usually follow the interfaces of the largest aggregate particles and cut through the cement paste, and occasionally also through the aggregate particles themselves [16] .
As in the concrete, the failure paths usually follow the interfaces of the polystyrene aggregate particles and cut through the cement paste and the aggregate particles themselves. Under compression, the cracks are approximately parallel to the applied load but some cracks form at an angle to the applied load (Figure 1) . The parallel cracks are caused by a localized tensile stress in a direction normal to the compressive load; the inclined cracks occur due to collapse caused by the development of shear planes. It should be noted that the fracture patterns of Compression test are for direct stresses only [16] .
In the flexure test, the maximum tensile stress is reached in the bottom fibre of a test beam so the cracks are vertical and are near the point of application of the load (Figure 2 ). In the Tensile test, the top surface is subjected to a compression state, while the lower surface is subjected to traction. The concentration of stress at the crack tip is, in fact, threedimensional but the greatest weakness is when the orientation of a crack is normal to the direction of the applied load. In a truly brittle material (uniform distribution stress), the energy released by the onset of crack propagation is sufficient to continue this propagation, because, as the crack extends, the maximum stress increases and the brittle fracture strength decreases. In consequence, the process accelerates. In the case of nonuniform stress (e.g., in flexure), the propagation of a crack is blocked, additionally, by the surrounding material at a lower stress [16] . Table 2 shows the results of the properties obtained in the specimens. These are compared with parameters reported elsewhere [13] . This table shows that the EP brick is lighter than the other ones, which facilitates their elaboration, production, and transportation. Then, this material has the property of low absorption, which helps to prevent possible moisture in walls. Besides, this material is resistant, since its compressive strength (with semidry EP) is similar to the reported maximum commercial ones, which could possibly exceed using the EP in dry condition. Finally, this material can be four times more flexible than some commercial blocks, which makes it less vulnerable to possible cracks in walls caused by ascending or descending movements of the underlying soil.
The relatively high values of the coefficient of variation (Table 1) in the test depended on the type of test and the number of data. Absorption and Compression test have similar values of the coefficient of variation; that is, we see the same range of error when performing the test, which can be decreased by increasing the number of tests. Then, Tensile test shows two very different coefficients of variation mainly due to the completion of the test that requires great precision and care. In this test we noticed that the specimen A has greater error than B because A was tested first. However, all the data of all properties were higher than the reference values in Table 2 .
Both materials (A and B) do not have the same time and amount of polystyrene. The specimen A has the complete initial variables and B does not. Therefore they cannot be comparable between them. So, in this work we report and analyze the properties acquired in the specimen A and then, the properties acquired in the specimen B (with reference to the specimen A) because even though this material has its incomplete initial variables becomes significant properties precisely because of this situation. Finally both specimens were better than the reference materials in Table 2 .
Conclusions
The brick developed in this research showed efficient mechanical properties and it could be used as masonry in construction since this material meets the required parameters. It composed of recycled expanded polystyrene as aggregate and commercial Portland cement as binder. Unlike most of the works reported in the literature, this mortar does not use pozzolans or additives or additional aggregates.
Unlike concrete (with coarse aggregate), the failure paths always follow the interfaces of the polystyrene aggregate particles and cut through the cement paste and the aggregate particles themselves. The polystyrene brick cracks are similar to reported concrete cracks in the Compression and Tensile test.
In the results of the properties we observed the same range of error when performing the tests, which can be decreased by increasing the number of tests.
Sustainable use of expanded polystyrene in cellular concrete bricks was very favorable regarding to those existing in the market. The obtained material is lighter, which facilitates Advances in Materials Science and Engineering 5 its production and transportation and is less permeable, which helps to avoid moisture formation keeping its strength. In addition, it is more resistant as well as flexible, which makes it less vulnerable to cracking walls caused by ground movements. Finally, this material is cheaper because it uses recyclable material and has properties that prevent its deterioration increasing its lifetime.
We observe that the environmental moisture and EP moisture diminished the resistance properties of brick and increased its density and absorption. We recommend the use of the fully dry EP under a dry environment to obtain the best properties of brick.
